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Shape memory polyimide (SMPI) is one of the most promising intelligent materials and has a high potential for
deformable flexible electrodes, intelligent thermal management devices, and high temperature active deployable
structures, etc. In this paper, silane-modified AIN nanoparticles (M-AIN) are composited with SMPI matrix resin
to prepare fast-response high-T,; shape memory composites. Besides, nano-sized AIN and micron-sized Al»O3 are
used to construct “micro-nano” synergistic thermal conduction networks, in which the AIN acted as the “thermal
conduction island”, and the AlyO3 acted as the “thermal conduction bridge”. The results show that the in-plane
thermal conductivity of Al,O3/M-AIN/M-SMPI-2 is 5.99 W m K, compared with SMPI, its thermal conduc-

tivity increases by 91%. In addition, the shape transition temperature of Al;03/M-AIN/M-SMPI-2 was higher
than that of pure SMPI, which was at 426 °C, and the thermal response shape recovery speed is also greatly
improved by 433%, which can be used in rapid-actuating and high temperature active deformation structure.

1. Introduction

Shape memory polymer (SMP) refers to an intelligent polymer which
could program an initial shape to a new temporary shape and restore its
original status under the external stimulations, such as heat, electricity,
light, magnetism, chemical solvents, or water, etc. [1-8], which has
broad application prospects in intelligent actuators, soft robots, flexible
electronics, biomedical fields, and aerospace fields [9-14]. SMPs consist
of shape memory polyurethane [15], shape memory EVA [16], shape
memory PCL [17], and shape memory PLA [18], etc. Certain SMPs can
withstand harsh environments, including shape memory polyimide
(SMPI) [19], shape memory epoxy resin [20], shape memory cyanate
resin [21], and shape memory bismaleimide resin [22], etc. However,
there are few SMPs with a transition temperature over 400 °C, which
limits the applications in the high temperature environment.

Polyimide (PI) refers to a class of polymers containing imide rings
(-CO-N-CO-) on the main chains, which is one of the organic polymer
materials with the best comprehensive properties [23,24]. Yu et al. [25]
produced a light-colored SMPI with a shape memory transition tem-
perature (Tans) of 320-380 °C, which was synthesized by grafting 0-8
wt% caged polysilsesquioxane onto the SMPI matrix. Besides, the Tians
of most SMPIs remain below 400 °C, while the Tirans of our SMPI
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composite has exceeded 425 °C, which is an advance news. Afterall, the
Tirans of pure SMPI and its composite at present are 416 °C and 399 °C,
respectively [26].

In order to improve the thermal conductive of materials, some par-
ticles are often doped in the matrix resin, such as graphene, carbon
nanotubes, gold nanoparticles, silver nanowires, Al;03, MgO, BN, and
AIN, etc. [27-31]. Zhou et al. reported that the thermal conductivity of
the 5 wt% AIN/PP composites reached about 0.17 W m 'K~ and had an
enhancement of 13.3% compared with pure PP materials [32].
Al,03/epoxy composite was prepared by Wu et al., and when the con-
tent of Al;O3 was 40 wt%, the thermal conductivity rose to 1.26 W
m 'K}, resulting in 500% higher than that of epoxy resin matrix [33].
The thermal conduction property of the composite was poor when a kind
of particles was simply added, unless the amount was large, thus, re-
searchers have developed binary fillers reinforcement. Z. Barani et al.
[34] fabricated an epoxy-based binary composites, of which the thermal
conductivity was 13.5 + 1.6 W m 'K~ ! with 40 wt% graphene and 35
wt% Cu nanoparticles. Wang et al. [35] reported thermally conductive
synergistic enhancement polyimide composite films, among them, the
maximum thermal conductivity of 11.203 W m 'K~! was achieved at
fillers loading of 1 wt% graphene oxide and 20 wt % BN, while the
maximum storage modulus was lower than 3 GPa. Although there are
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some researches on binary fillers to enhance thermal conductivity, few
have applied to SMP to improve response speed. At present, it can be just
found that D.I. Arun et al. [36] doped 5 wt% carbon black and 0.25 wt%
multi-walled carbon nanotubes into shape memory polyurethane to
improve the response speed to 41 s. SMPI has a very high transition
temperature and a very long recovery time, so, how to speed up the
response speed, adapt to extremely harsh environment, and maintain
high comprehensive performances are urgent issues to be solved.

In this paper, the silane-modified AIN nanoparticles (M-AIN) was
adopted to prepare high shape transition temperature SMPI composites
with good compatibility and high thermal conductivity. Also, the syn-
ergistic “micro-nano” networks were constructed, in which the nano-
sized AIN acted as the “thermal conduction island”, and the micro-
sized AlyO3 acted as the “thermal conduction bridge”, thus greatly
improving the interconnection property of the thermal conduction net-
works, and enabling SMPI recover its original shape more quickly. The
in-plane thermal conductivity of Al,03/M-AIN/M-SMPI-2 was 5.99 W
m K™}, compared with pure SMPI, the thermal conductivity increased
by 91%, and the thermal response shape recovery speed was also greatly
improved by 433%. The SMPI composites have application prospects in
the fields of deformed flexible electrodes, aerospace deployable struc-
tures and high-temperature active deformation devices.

2. Experiment section
2.1. Raw materials and reagents

5-Amino-2-(4-aminophenyl) benzimidazole (DAPBI), 3,3,4,4'-
biphenyltetracarboxylic dianhydride (BPDA), silane coupling agent KH-
550, AIN nanoparticles (300-500 nm), and Al;O3 microparticles (5-6
pm) were all from Shanghai Aladdin Reagent Co., Ltd. Ethanol and
dimethyl sulfoxide (DMSO) came from Tianjin Fengchuan Chemical
Reagent Technology Co., Ltd. Deionized water came from Harbin
Institute of Technology.

2.2. Preparation of rapid-actuating high-T, SMPI composites

2.2.1. Surface modification of AIN nanoparticles (M-AIN)

According to the literature [37], we modified the surface of the AIN
nanoparticles. The AIN nanoparticles were dispersed in ethanol/water
(95/5) under the action of ultrasound field, then, the silane coupling
agent KH-550/ethanol solution was dropped into the AIN/ethanol/-
water mixture and was reacted at 70 °C for 2 h (The KH-550 accounted
for 5 wt% of AIN particles). The mixed solution was centrifuged at 4000
rpm/min for 5 min, and washed for 5 times by absolute ethanol, then,
they were put into an oven at 40 °C for 48 h, and the surface-modified
AIN nanoparticles were produced, named M-AIN.

2.2.2. Preparation of M-AIN/SMPI composites by in situ polymerization
(M-AIN/M-SMPI)

(D) A certain amount of M-AIN was put into DMSO solvent and then
ultrasound field for 30 min; after that, DAPBI was added to the
system to dissolve fully, also, BPDA was put into the system in 5
times (the molar ratio of DAPBI and BPDA was 1:1). The stirring
speed of the mixture was 250 r/min for 120 h at room tempera-
ture to gain polyamic acid (PAA) solution. The solid content of
PAA solution was 17 wt%, and the contents of M-AIN were 2 wt%,
4 wt%, 6 wt%, 8 wt%, and 10 wt%, respectively.

(II) The PAA solution was poured into a glass plate and placed in an
oven to conduct thermal imidization reaction, and rapid-
actuating high-T; SMPI composites (M-AIN/M-SMPI) were
fabricated. The heating steps were that 50 °C for 5h, 80 °C for 5 h,
120 °C for 2 h, 160 °C for 2 h, 200 °C for 2 h, 250 °C for 2 h, and
300 °C for 2 h. The SMPI composites were named as M-AIN/M-
SMPI-2, M-AIN/M-SMPI-4, M-AIN/M-SMPI-6, M-AIN/M-SMPI-8,
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and M-AIN/M-SMPI-10, successively. The synthesis route and
preparation process were shown in Fig. 1.

2.2.3. Construction of micro-nano multi-levels thermal conduction
composites (Al,03/M-AIN/M-SMPI)

(D) A certain amount of M-AIN and Al;03 microparticles were added
to DMSO solvent and ultrasound for 30 min; then, the following
step was similar to section 2.2.2 (I). The contents of M-AIN was 6
wt%, and AlyO3 microparticles was 1 wt%, 2 wt%, 3 wt%, 4 wt%,
and 5 wt%, respectively.

(ID) This step was similar to section 2.2.2 (II). The micro-nano multi-
levels thermal conduction SMPI composites were named as
Al;03/M-AIN/M-SMPI-1, Al,O3/M-AIN/M-SMPI-2, Al,O5/M-
AIN/M-SMPI-3, Al;,03/M-AIN/M-SMPI-4, and Al,O3/M-AIN/M-
SMPI-5, successively. The synthesis route and preparation pro-
cess were shown in Fig. 1.

2.3. Characterization

AVATAR360 FTIR spectrometer was utilized to test the molecular
structure of SMPI composite films. WAXD was used to characterize the
crystallinity of pure SMPI and SMPI composites. The scanning angle was
5-80 °, and the scanning speed was 8 °/min. DMA Q800 (TA Corpo-
ration, USA) can characterize the dynamic mechanical properties of
SMPI composites, of which the test conditions were that the temperature
range was 25-560 °C, the temperature rise/fall rate was 5 °C/min, 1 Hz
frequency, 0.2% amplitude. TGA/DSC1 synchronous thermal analyzer
(METTLER-TOLEDO Corporation, Switzerland) was used to illustrate
the thermal stability of SMPI composites. Test conditions were as fol-
lows: the weight of 5-10 mg, the temperature range of 25-800 °C, Ny
environment. The particles dispersion performances were characterized
by SU5000 scanning electron microscope (SEM, JEOL Corporation,
Japan). The out-of-plane and in-plane thermal conductivity were
measured by a laser thermal conductivity meter (NETZSCH LFA 467,
Germany). Zwick tensile testing machine was used to test the tensile
properties of SMPI composites. The size was prepared based on GB/
T528-2009. Thermal-actuated shape memory properties were as fol-
lows: Firstly, the sample was risen to Ty + 30 °C, then, external stress
was applied to stretch the sample from ¢ to €y + AL strain. After that,
the sample was fallen to 250 °C, and the stress was removed, at this time,
the strain was reduced to &y + AL'. At last, the sample was reheated to T,
+ 30 °C to gain the recovery strain grec.

The equations of shape fixation ratio (Ry) and shape recovery ratio
(R;) were as follows:

g + AL
=2 X 100% 1
! & + AL x ¢ M@
Ro=—5 o 100% @
" e+ AL ’

Where, ¢y + AL stood for the highest strain under external stress, &g + A
L' stood for the fixed strain after the external stress removed, and &rec
stood for the shape recovered strain.

3. Results and discussion
3.1. FTIR analysis of the M-AIN/M-SMPI composites

The images of M-AIN/M-SMPI composite films were shown in Sup-
porting information, Scheme 1. When the content of M-AIN nano-
particles was 2 wt%, 4 wt%, and 6 wt%, M-AIN/M-SMPI can form
completely films, and as the content of M-AIN increased to 8 wt% and
10 wt%, the films were uneven and had partly cracking. The molecular
structure was characterized by FTIR. The infrared spectrum of M-AIN/
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Fig. 1. (a, b) The synthesis route and preparation process of M-SMPI composites.

M-SMPI were shown in Fig. 2a, among them, the Si-O stretching vi-
bration peak of KH550 appeared near 1079 cm ™, indicating that the
silane coupling agent was coated on the surface of M-AIN nanoparticles
successfully. In addition, the 1355-1362 cm™! in each M-AIN/M-SMPI
spectrum were the characteristic absorption peaks of C-N bonds, and
1702-1709 cm ™! were the symmetrical stretching vibration peaks of the
C=O0 bond, and with continuous increase of M-AIN, the two peaks po-
sitions were both shifted to the higher wavelength. This was because the
strong electric absorption group -NH; in KH550 and the imine group in
the M-SMPI matrix had an inductive effect, which made the interface
combination performance between organic matrix and inorganic parti-
cles better. Besides, WAXD was used to characterize the influence of M-
AIN on the molecular crystallinity of M-SMPI matrix, seen Supporting
information, Scheme 2. With the content of the M-AIN nanoparticles
increasing, the 20 diffraction peak intensity of the composites
strengthened continuously, indicating that the crystallinity of the system
increased.

3.2. The physical properties and thermal conductivity of the M-AIN/M-
SMPI

From Fig. 3a, it exhibited that the storage modulus of M-AIN/M-
SMPI composite was reduced constantly when the temperature was from
25 °C to 430 °C. There was a wide step between 350 °C and 430 °C,
which was the glass transition temperature (Tg) area, i.e. Tyaps area. In
addition, M-AIN/M-SMPI-10 was broken during the test process, which
could not be continued testing after 250 °C. On Fig. 3b, the M-AIN/M-
SMPI composites had sharp peaks between 350 and 450 °C, and the
temperature at the highest position was the Tg. So, the Tg/Tirans of the M-
AIN/M-SMPI-2, -4, -6, and -8 were 413 °C, 410 °C, 418 °C, and 417 °C,

£y re=q _ e--M-AIN/M-SMPI-10
B P in3e2 | .
P P i IM-AIN/M-SMPI-8
o S L s IR
A 1707 s 1R1360 1 M AIN/M-SMPI-6
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=, | E Lﬁﬂj\/ﬁm AIN/M-SMPI-4

AT T A et e H el
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Fig. 2. FTIR spectrum of M-AIN/M-SMPI composites.

successively. However, the Tq of the pure M-SMPI film was 416 °C (The
curve was shown in Supporting Information, Scheme 3), therefore, the
thermal conductive particles M-AIN had little effect on the T, of the
SMPI composite materials. Besides, the thermal stability of the M-AIN/
M-SMPI composites was characterized by TGA test, seen Supporting
Information, Scheme 4 and Table 1. Even if the temperature reached
800 °C, the composites still possessed over 50% residue, which illus-
trated that the materials had good thermal stability.

The mechanical properties of M-AIN/M-SMPI composites were
shown in Fig. 3c. As the M-AIN nanoparticles increasing, the tensile
strength first increased and then declined, while the elongation at break
decreased continuously. Because the surface of M-AIN contained silane
coupling agent KH550, which can increase the compatibility between
nanoparticles and the matrix. However, as the continuous increasing of
nanoparticles, on the one hand, the fillers destroyed the structure reg-
ularity of M-SMPI molecular chain segments; on the other hand, M-AIN
was agglomerated in the SMPI matrix, resulting in the defects and voids,
and forming the stress concentration points, thus, the tensile strength
and the elongation at break felled.

Furthermore, the dispersion of M-AIN nanoparticles in the M-SMPI
matrix was observed by SEM, as shown in Scheme 5. It can be seen that
the M-AIN nanoparticles can be uniformly dispersed in the matrix, and
the average size was about 400-500 nm, which was mainly attributed to
the surface modification of the nanoparticles with the silane coupling
agent. The KH550 had alkoxy groups with a relatively slow hydrolysis
rate and positively charged polar amino groups. One end of the hydro-
lyzable alkoxy groups reacted with the inorganic AIN nanoparticles, and
the surface of the AIN nanoparticles formed Al-O-Si covalent bonds, so
that the surface of inorganic particles obtained long-chain macromole-
cules, which formed steric hindrance effect to prevent the agglomeration
between inorganic particles; the other end of the organic amino group
interacted with the M-SMPI matrix to form hydrogen bonds. The KH550
can be used as a binder for the two-phase interfaces, which improved the
interfacial bonding force between the nanoparticles and the matrix
resin, and dispersed the inorganic particles with high surface energy to
obtain a well-dispersed M-AIN/M-SMPI system [38].

Fig. 3d was the in-plane and out-of-plane thermal conductivity (TC)
of the M-AIN/M-SMPI composite films. With the amount of the M-AIN
increasing, the TC of M-AIN/SMPI composites continued increasing.
Compared with M-SMPI matrix, the in-plane and out-of-plane TC of M-
AIN/M-SMPI-10 increased by 97% and 62%, respectively, and M-AIN/
M-SMPI-6 increased by 64% and 38%, respectively. This was mainly
because as the nanoparticles increasing, they overlapped with each
other and formed continuous thermal conduction networks, which
greatly reduced the in-plane thermal resistance and increased the ther-
mal conductivity. Additionally, the in-plane and out-of-plane TC
differed by an order of magnitude. The reason was that the M-AIN/M-
SMPI had a high anisotropy and the phonon transport was easier in the
horizontal direction than in the vertical direction (The schematic dia-
gram of surface thermal conduction of M-AIN/M-SMPI composites was
shown in Supporting Information, Scheme 6.). When the M-AIN was
added over 6 wt%, the increasing tendency of the thermal conductivity
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Fig. 3. (a, b) The storage modulus curves and the loss factor curves of M-AIN/M-SMP], (c) the mechanical properties of M-AIN/M-SMPI, (d) the thermal conductivity

of M-AIN/M-SMPL.

slowed down. Due to the agglomeration of the M-AIN nanoparticles in
the SMPI matrix, there was a large number of defects and voids, which
formed the “thermal conduction isolated island”, and the heat flow
cannot be well transferred, resulting in the thermal conductivity
increasing slowly. Thus, it was necessary to establish “thermal conduc-
tion bridge” to enhance the thermal conduction performance.
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From the above DMA, TG and thermal conductivity results, it can be
seen that the performance of the M-AIN/M-SMPI-6 was relatively good,
therefore, 6 wt% M-AIN nanoparticles and Al,O3 microparticles were
used to construct micro-nano multi-level thermal conductive compos-
ites. As a result, the AloO3/M-AIN/M-SMPI-1, -2, and -3 composite films
was complete, while the Al;03/M-AIN/M-SMPI-4, -5 films had some

100 200 300 400 500 600 700 800
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Fig. 4. (a, b) The storage modulus curves and the loss factor curves of Al,O3/M-AIN/M-SMPI composites, (c) comparison of transition temperature with other
literatures, (d) the TGA curves of Al,03/M-AIN/M-SMPI composites.
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cracks. We studied the properties of the “micro-nano” thermally
conductive composite films to provide a reference for the practical
application of the material.

3.3. Thermomechanical properties of the Al,03/M-AIN/M-SMPI

Fig. 4a showed that the storage modulus of the Al;03/M-AIN/M-
SMPI-1, -2, and -3 composites were 3987 MPa, 3935 MPa, and 4127
MPa, successively, which was higher than that of reference [35]. As the
temperature increasing, the storage modulus was decreased continu-
ously, and there was a wide step between 375 and 450 °C. On Fig. 4b, the
Aly,03/M-AIN/M-SMPI composites had sharp peaks between 375 and
450 °C, and the highest position was at 416-429 °C. The Tg/Tirans of the
Al,03/M-AIN/M-SMPI-1, -2, and -3 were 416 °C, 426 °C, and 429 °C,
successively, thus, the Tyans of the composites kept rising with the in-
crease of the Al,O3 microparticles. This was because the rigidity of the
molecular chain segments of the composite was enhanced, and the
storage modulus at 30 °C also proved the rationality of the phenomenon.
In the continuous heating process, the molecular chain segment motion
was hindered, and the movement ability was also weakened, so that
higher temperature was required to drive the molecular chains motion.
Besides, the Tg/Tyans of the Aly03/M-AIN/M-SMPI composite was
compared with other reports [25,29,39-43], as shown in Fig. 4c. It
illustrated that the transition temperature of the Al;03/M-AIN/M-SMPI
composite was improved compared with pure M-SMPI and other SMPIs.

The thermal stability of the AlpO3/M-AIN/M-SMPI composite was
characterized by TGA test. Fig. 4d and Scheme 7 were the TG and DTG
curves of the Al,03/M-AIN/M-SMPI composites, respectively. When the
temperature was below 550 °C, the TG curves decreased very slowly,
indicating that the weight loss of the composites were very small. The
range of the maximum decomposition rate temperature were between
615 °C and 622 °C in the DTG curves. Even if the temperature reached
800 °C, the materials still held over 50% residual quantity. Among them,
the residual quantity of AloO3/M-AIN/M-SMPI-1, -2, and -3 were 62.7%,
64.5%, and 67.9%, successively. The Al,O3 was inorganic particles, and
these inorganic substances cannot be decomposed at 800 °C, therefore,
the more the filler particles increased, the more the residual amount
had.

Additionally, we tested the mechanical properties of the Al;03/M-
AIN/M-SMPI composites in Scheme 8. As the content of Al,O3 micro-
particles increasing, the tensile strength of the AlyO3/M-AIN/M-SMPI
first increased and then decreased. Because the micro-sized Al,Os filled
the voids of the matrix generated by the M-AIN particles, and reduced

=
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the stress concentration points. However, as the particles continuous
increasing, on one hand, the two particles destroyed the structural
regularity of the molecular chain segments of the polyimide matrix; on
the other hand, the two particles agglomerated in the SMPI matrix,
resulting in more defects and stress concentration points, so the tensile
strength decreased seriously.

3.4. Micromorphology and thermal conductivity of the Al,03/M-AIN/M-
SMPI

The dispersion of AlpO3 microparticles and M-AIN nanoparticles in
the M-SMPI matrix was observed by SEM, as shown in Fig. 5a, where A,
B, and C were Aly03/M-AIN/M-SMPI-1, -2, and -3 dispersion images,
respectively, and the particles in the purple circles were M-AIN nano-
particles with a size of 300-500 nm, and the particles in the yellow
circles were Al,O3 microparticles with the size of 5-6 pm. It can be seen
from the figure that the nano-scale M-AIN was distributed around the
micron-scale AlyO3. Compared with Scheme 5, the vacant positions
around the M-AIN were filled with Al,O3 particles, thus, the Al;03 can
be used as “bridges” between the M-AIN nanoparticles to form overall
thermal conduction networks and had thermal conduction synergistic
effects, which improved the TC value and shortened the response time of
the SMPI composites.

Fig. 5b was the in-plane and out-of-plane thermal conductivity of the
Aly,03/M-AIN/M-SMPI composite films. With the continuous increase of
micron-sized AlyOs, the TC of the Al,03/M-AIN/M-SMPI composite
films continued rising. Compared with pure M-SMPI, the in-plane and
out-of-plane TC of Al;03/M-AIN/M-SMPI-2 increased by 91% and 75%,
respectively, and Al;03/M-AIN/M-SMPI-3 increased by 108% and 91%,
respectively. And when the content of Al,O3 was 2 wt% and 3 wt%, the
thermal conductivity exceeded that of M-AIN/M-SMPI-8 and M-AIN/M-
SMPI-10, respectively, indicating that the methods of mixed multi-sized
particles was effective in improving thermal conduction property. The
schematic diagram of surface thermal conduction of Al;03/M-AIN/M-
SMPI composites was shown in Fig. 5c. The two kinds of particles formed
effective thermal conduction paths [44], among them, the nano-sized
AIN acted as the “thermal conduction island”, and the micron-sized
Al;O3 acted as the “thermal conduction bridge” to make the M-AIN
nanoparticles fully contact, reducing the thermal resistance between the
interfaces of the polyimide and particles [45].

Q
I/‘:I::H_ ; &

00 M-AIN == Heat flow

Fig. 5. (a) The SEM images of Al,03/M-AIN/M-SMPI composites, (b) the thermal conductivity of Al;O3/M-AIN/M-SMP], (c) the schematic diagram of surface

thermal conduction of Al,03/M-AIN/M-SMPI.
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3.5. Shape memory properties of the SMPI composites

We used M-AIN/M-SMPI-6 to characterize the shape memory prop-
erties of the SMPI composites. Fig. 6a showed the “U” shape (i.e. bending
180°) recovered the original shape completely under heating field
actuation for 45 s (Supporting information, video 1), which was 115 s
shorter than that of pure M-SMPI film. Specifically, M-AIN/M-SMPI-6
was put in the 448 °C thermal field, also, the sample was shaped into a
“U” shape under the external force. After that, at room temperature, the
external force was removed and the sample can fix the “U” temporary
shape. When the temporary shape was put into 448 °C thermal field
again, it can return to the original shape completely after 45 s.
Compared with pure M-SMPI (Shape recovery process was shown in
Supporting Information, Scheme 9), the thermal response speed of M-
AIN/M-SMPI-6 was improved by 256%, therefore, the response speed

Composites Science and Technology 239 (2023) 110052

can be accelerated by adding thermal conduction particles. Similarly, we
also tested the “U” shape recovery of Al;03/M-AIN/M-SMPI-2 (Sup-
porting information, video 2.), as shown in Fig. 6b, and found that the
recovery time was shorter, at 30 s, of which the thermal response speed
was 433% higher than that of pure M-SMPI, so the “micro-nano” binary
particles were used to construct synergistic thermal conduction net-
works to accelerate the response speed and shorten the shape recovery
time. Fig. 6¢ was the corrugated shape recovery process of Al;O3/M-
AIN/M-SMPI-2, and after heating for 25 s, the corrugated shape can
return to the straight status (Supporting information, video 3.). There-
fore, the SMPI composites we prepared had high potential applications
for smart flexible electronic devices and high-temperature active
deformation.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compscitech.2023.110052
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Fig. 6. (a, b) Images of the “U” shape memory process of M-AIN/M-SMPI-6 and Al,03/M-AIN/M-SMPI-2, respectively, (c) images of the corrugated shape memory
process of Al,03/M-AIN/M-SMPI-2, (d, e) the shape memory cycles of M-AIN/M-SMPI-6 and Al,03/M-AIN/M-SMPI-2 by DMA test, respectively, (f) the shape
memory curves of the Al;03/M-AIN/M-SMPI-2 with three cycles, (g) the shape memory mechanism of M-SMPI composites.
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Fig. 6d and e were the shape memory cycle curves of M-AIN/M-
SMPI-6 and Al,03/M-AIN/M-SMPI-2, respectively, and both of them
showed good shape memory performance. Specifically, in Fig. 6d, the
shape fixation ratio and recovery ratio of the M-AIN/M-SMPI-6 were
88% and 89%, respectively. And in Fig. 6e, the shape fixation ratio of
Aly,03/M-AIN/M-SMPI-2 was 87%, and the shape recovery ratio was
100% completely, while the shape fixation ratio and shape recovery
ratio of the M-SMPI were 84.5% and 96.0%, respectively (Supporting
information, Scheme 10), illustrating that the “micro-nano” thermal
conductive structure was conducive to the rapid response and shape
memory properties. In addition, Fig. 6f showed the shape memory
curves of the Al;03/M-AIN/M-SMPI-2 with three cycles, and the shape
memory data was shown in Supporting Information, Table 2, which
illustrated that the SMPI composites had good shape memory perfor-
mances and cyclic stabilities.

The shape memory mechanism and rapid recovery mechanism of M-
AIN/M-SMPI and Al,03/M-AIN/M-SMPI composites are as follows. To
achieve shape memory performance, the polymer matrix molecular
chain structure needs a reversible phase and a stationary phase. M-AIN/
M-SMPI and Al;03/M-AIN/M-SMPI composites have obvious glass
transition, which can be used as the reversible phase. And the stationary
phase comes from macromolecular chains interaction, including chains
entanglement, hydrogen bonds, and -t conjugation effects. As shown in
Fig. 6g, when the temperature is lower than the Ty of the smart com-
posites, the molecular motion energy is low, and the chain segment
motion is in a “frozen” status. When the temperature reaches the T, of
the composites, the free volume of the SMPI molecular chain increases,
and the chain segment motion begins to “thaw” and inters a high elastic
status. Also, under the action of external force, the composite produces a
large strain. When the temperature drops below the Tg, the chain
segment is “frozen” again, and a temporary shape is fixed, meanwhile,
the elastic strain energy stored in the composite is not released. When
heated over Ty again, since the chain segment gains enough energy and
free volume, the molecular chain starts to move violently, and the elastic
strain energy is gradually released, which promotes the smart composite
to return from the temporary state to the original state. During the
heating process, the M-AIN reduces the interface phonon scattering and
lowers the interfacial thermal resistance, thereby enhancing the thermal
conductivity of the M-AIN/M-SMPI composite, and the shape recovery
speed is faster than that of pure M-SMPI. For the Al;03/M-AIN/M-SMPI
composite, the nano-sized M-AIN particles and the micro-sized Al,O3
form excellent thermal conduction networks, which greatly improves
the response speed of the SMPI composite.

4. Conclusions

In this paper, silane-modified nanoparticles M-AIN were introduced
to the M-SMPI matrix resin, and SMPI composite was prepared with
good compatibility, high thermal conductivity, and high T,. The in-
plane thermal conductivity of M-AIN/M-SMPI-6 was 5.16 W m~ 'K},
which was 64% higher than that of pure M-SMPI. Based on the syner-
gistic thermal conduction effect between nano-sized M-AIN and micro-
sized AlyO3 particles, the multi-level thermal conductive networks
were constructed, and the in-plane thermal conductivity of the Al,03/
M-AIN/M-SMPI-2 composite was 5.99 W m 'K}, which was 91%
higher than that of pure M-SMPI. Also, the shape response speed was
improved by 433%, and the shape fixation ratio and shape recovery ratio
were 87% and 100%, respectively. Thus, the smart composites have
broad application prospects in the fields of deformable flexible elec-
trodes, intelligent thermal management devices, and deployable
structures.
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